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NATIONAL ADVISORY CONMMETTES FOR AERONAUTICS 


ADVANCE CONFIDENTIAL REPORT 


THE THEORY OF PROPELLERS 
II = METHOD FOR CALCULATING TEE 
AXIAL INTERFERENCE VELCCITY 


By Theodore Theodorsen 


SUMMARY 


A technical method is given for calculating the 
axial interference velocity of.a propeller. The method 
involves the use of certain weight functions P, Q, 
snd F. Numerical values for the weight functions are 
given for two-blade, three-blade, and six-blade 
propellers. 


INTRCDICTION 


It has formerly been the practice to use the Glauert- 
Lock simplified assumption that the interference velocity 
is proportionai to the loading at the point considered. 
This assumption is obviously inadequate since the inter-= 
ference flow depends on the slope and curvature of the 
loading function rather than on the local magnitude. A 
method is developed herein for calculating the axial 
interference flow for any loading. The method is 
accurate to the first order and therefore gives the 
interference flow in ratio to the loading for small 
loadings. It can be shown that this accuracy is adequate 
for all technical applications. 


The present paper is the second in a series on the 
theory of propellers. Part I deals with a method for 
obtaining the circulation function for dual-rotating 
propellers. (%3ee a 
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Pocwe- T= Of 1, 2, «sep = 1, the number of the par-= 
ticular blade. The problem is thus essentially solved 
by giving the function P(x) for each point along the 
radius. 


Tt igs convenient to make P(x) finite by sub- 
bractang A quantity that is independent of x. The 
Function Ba (x) may therefore be redefined as 
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integrand changes from +m to -o at x = x; for 
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is obtained. Finally, for the blade itself (n= 0), 
P(x) = Q) (x) + F 


where 


The integral Q, (x) is convenient for graphical integra- 


tion and is, in fact, small in comparison with the 
function F. 
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No disccntinuities arise in the .P funetions for 
the other bledes (n #0). The PF functions are there- 
fore used directly in the calculation for the other 
bladés. It Bhould be noted that the funciiens Pi. Q, 
and F are all symmetrical in x and x;. The use of 


the subscript, which has been used to indicate reference 
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NUMERICAL EVALUATION OF WHIGH® FUNCTIONS 4, F, AND P 


The weight funetions: /Q@) FF, and P ere yshowneu 
a series of tables and figures. The first steppes 
integrating against the angle @ is omitted for sim- 
plicity. | The functiens ce ane ce have been obtained 


by graphical differenviatzes a the Q and P. fumebions 
with actual calculation at t nd points) x = 70" sandy: 
for accuracy. It should be noted that these functions 
and their derivatives are continuous and smooth. The 
results are given in the following order: 
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(1) Table I and figure 1: Q@ against x (0 £ x < 1.00; 


0.1564 & x; $1.00; \ =, 1, and 2), obtained 


from equation (2) 


(2) Table II and figure 2: as against x 
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where = is obtained by graphical differentia- 
tion of Q except for x =0 andi, for which 
a is obtained analytically 
(3) Table III and figure 3: x against x 
(0 = 2-1 .003 071564 Sx, <5 1.003) A-= 5; 1, and 2), 
obtained by multiplying valves in table II by -x 
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(5b) Figure 4: P(x) - P(1) against x for T= 60° 
( <x $1.00; 0.1564 $ x, $1.00; X= 5, 1, nde 


(Ga) Teble VI: same as table V for 7 = 120° 
(6b) Figure 5: same as figure 4 for T = 120° 
(7a) Table VII: same as table V for tT = 180° 
(7b) Figure 6: same as figure 4 for T = 180° 


(8a) Table VIII: sane as table V for T = 240° 
(8b) Figure 7: same as figure 4 for T = 240° 
(9a) Table IX: sare as table V for T = 300° 


(9b) Figure 8: same as figure 4 for T = 300° 
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(10) Table Xs cL apeinst? 1- for He 5 (rt=5602;, 7 
20°, 180°; 240°) and S00°='x =O “and 1.00. | 
0.1564 S x7 $ 1.00), obtained analytically | 
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] O ae a Create 2 
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0.1564 2 x § 1.00; 0.1564 < x, € 1.00), obtained 
by multiplying values in table X by -x F 


(14) Table XIV and figure 10: same as table XIII’ and 


figure 9 for ~h. = 1 
(15) Table XV and figure 11: same as table XIII and 
figure 9 for, Wo= ie 
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(16) Table XVI and figure 12: ; ska against x for 
three-blade and six-blade propellers (+ = 20° S 
and £40° for three-blade propeller; 1 = GO, 120°, 
180°, 240°, and 300° for six-blade propeller: 
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and to consider this gap teed by use of a Taylor 
expansion. 


(2b) The contribution from the gap Ax becomes 


A= > fy KY 4 + - Zo og )x1| ax 
where 


LS 2 | x= x1 | 


\ 
b= = = gin ol 
\n + Xy 
2 
Appa = 2 
= 5 = cos oO, 
Roce Xy 


and K' and K" are the derivatives of K with respect 
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pelter disk. Por cthe Case on, the desu loading this 
axial displacement velocity must come out as a constant, 
thus permitting a cheek on the weight functions. Cases 
of nonideal loading are evidently of more practical con= 
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ment velocity for any (light) loading. 
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TABLE V.- FUNCTION P AGAINST x FOR 7 = 0° 


———eee—e——eeer ot 
oa a | | 
te 9 A has 0.9511]1.00 | 
' ™~\ | 


0.5878 |0.8090 


(a) Nas | 


| 
B 
| | 
19.154, |2.2),78! 1.9613 | 1.4980]0.8830 10.569610.4113 [0.3 600 
63990 |1.5673| 1.4980}1.2h13| .7416] .49G| .3580} «3046 
05878} .9259}) .8830| .7446) .511:6] .3280! .2230| .1866 
8090] .6084| .5696] 96] .3280 19146 .1146| .0826 
69511 1,82 0113] .3580] .2230 1146) OLNWG} .0213 
1.00 age 3600} 306) .1866 ees -0213 10 
! 


(bv) A = 1 


9.1564 eS irae eee 0.887),,0.5700!0.20010.3 73 

-3090 dip) 449000) 1-5180 8267 | #5300; +3800] .3300 

| 5878] .9228! .663)) .6267! .€069 ©3900; .2567| .213h 

8000] .6039| .5700] .5390} .3900! .2100) .1367| .1000 

-9511 ~4L25) 044200] 23800] 2.2567) 13671 .0567| .0267 
1.00 | .392h 3B 2300] 2212), +1000) -926710 


{ 
i 


(ec) A =2 
| H i 
0.1544 2.1727| 2.2333 | 1.5200 9.8667]0.533310.3667 0.3133 
-39G0 ]1.4928] 1.5200!1.2667] .7790} 24900! .3367| .2847 
-5878| .8h68| .8667) .7700| .5467| 3.667 ~2500] .2067 
08090} .5295! 5333 -4:900) -3667| «2h33) 1467] .1067 
-9511} .2678| .3667| .3357| 2500] 21467! .0600! .0267 
1.00 ©3177 =63133| ~2867| »2067 aOeT) .02671 0 


| | | | | | 
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TABLE VI.- FUNCTION P AGAINST x FOR T = 120° 


x 0 jo. 154; ‘ek 3090 || 


——— 


cay 95878 |0 8090 0. 9511 


(a) Xv ee 


0.1544|2.2825!1. 669% re re ee 
23090 |1.602011.2393] .9840] «4,60 


bs 5377 lo.3060 ' 
0360] .3160 


-5878 .9606| 8000] .660 220 | TTT -1694} .14)0 
©8090] .4431] .5377| .li360] .2777| -1694! .0977| .0777 
.9511| .4829} .3060} .3160| 218031 .0977! .9360| .0167 


1.00 1533 | 03547} -2813| .1440 0777 | -0167 


(vt) N=] J 
ee res aa 


0.156h{2.14165 | 1.823;11 3900 |9.9067 }0.650910.5120) 91,690 
23090] 1.75554 1.3934 a sec «T5671 .« 13800 | ish phe 
25878 Le 7928 | .9047 | ~ 7567 h9é 7| ° 41 pha Ml 05" diy 


«8090| .7739} .6500) .5300) .342; 2007! i 
29511 6125 25100} ‘Li3h 22oshit 215 09 | OD 
1.00 | .562)| .4600| 364 2067 | +0954 “oz0010 


| 
Cahora se 


| 
9.1544 2.170l4)1 095i 1.5133 {1.0267 |0.7267 |0. 5600 {0.5067 
+3090 1.7085 11.5133 1.2800] .8800| .6067| 2454!) .L000 
-5878 [1.1555 11.0267} .6800] .6000| .3934] .2¢67| .2200 
-8090| .84362! .7267| .G@67| 393} 22334) 212341 .1000 
09511} 26745} .5600] .L53h| .2667] .1334} 0534) .0267 
1.00 beh 5067 | 1,090} .2200 a .0267/9 
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TARLE VII.- FUNCTION P AGAINST x FOR T = 180° 


1 
(a) A = = 


0.154)/2.1518]1.5686]1.1586]9.710610.1,653 |0.322010.2786 
9 03920! .2753| .2320 
+7106] .5 C 22573| .1736| .1386 
653] .3 -1600] .0986] .0680 
+3220 29986] 0470] .0220 
.0680} 0220/0 


2.4060 {1.733 
1.7251]1.3000 
1.0821} .800 
- 7628! .5933 
6011} L633 
oe 1,200 
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TAHLE VIII.- FUNCTION P AGAINST x FOR T = 240° 


——)—- 


{ / 

) | 
lo.184 9.4090] 0.5878 | 0.8099 9.9511}1.00 

{ 


0.5693 10.2800! 0.1220|0.0680 
2550! 2853] .1287| .0720 
4066! 2433! .1220! .0773 

8090} 2391] .2800| .2853| .2413|] 21573] .0787] .oh5% 

oa .0789| .1220] .1287 1220; .0787} .0320| .0120 | 


1.8785 | 1 -11:720 }1.1153 
1.198611.115%] .9320 
05566) .569%| .51j53 


0.1544 
4090 
-5878 


1.00 -0295| .0680] .0720] .0773; .0153] .0120)0 


(b) K = 1 


0.24,00]0.1833 
-3090 |1.34,82)}1.1833] .9653| .5933; «3600! .223h| .1767 
25878) .7071| .6767} .5933| 067) .2567| .1633) .1267 


j 04+15EL 2.0296}1.5867|1.1833] 0.67 110.3967 


+6090 | ©3872| .3957| .3@00} .2567| 1567] .0900] .0633 
29511} .2258| .200; .22%; 1633! .0900] .0434| .0200 
1.00 01757| .185%| .1767| .1267) .06%| .0290)9 


aS ee ee 

©3090 11.5118 }1.3032 
.8688| .6167| .73 
595} -5300| .4767 
+3878] 3700} .3300 
-3377| 3167] .2767 
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TAEPLE IX.- FUNCTION P AGAINST x FOR T = 300 


mn 
(a) » zs 


061564)]1.1:198 }1 1933] 0.9100]0.3100 |-0.0600]-0.273h: |-0.31,00 
07090] .7393| -9400!11.0566} .4566] .0766] -.153h 
-5878| .0979} .3100] .566) .00] .2233] .0243 
08090 }=-.2196}-.0600] .0766! .2233] .2100} .0866 
09511) -.3798 |-.26) ~ 153k) -0233| 0866] .0)66 
1.00 |-.429)-.3100 keira -0133] .0066] 0 


0.1544}1.4296 11.3167] 0.9567] 0.2133 | -0.0967 
~7488| .9567| .9067! 1109 
©1061] 2433] .4100] 1333 


=.2128 |-.0967! .0343] .1833 
= 03742 |-.2700] -.1600) .0167 
~ :243 |-.3200; -.2133 | -.03 67 


| 


041564 1.6704 1.9600]1.3000/0.5534} 9.1734 
~3090} -9985]1.3000]1.1200] .G34| .2834, 
©5878 | .3555| .553) -6334| .5234] 3000 
28090] .0362] .173] .2834| .3000] 143) 
29511 |-.1255 |-.0100| .0867! .143); .0967 

1.00 {-.1756]-.0600] .023)| .0800| .053) 
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TAPLE X.- FUNCTION = AGAINST T FoR A= L 


—— + SC 


~1,.9573 


=»7935 | -=-9967| -1.3)0 


| -9.9334 | 2358] a 3ho 
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TAPLE XI.- FUNCTION = AGAINST T FOR A =1 
120 180 2h0 


~. 7333 -.7600 | -.8667 |-1.0733 
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TABLE XII.- FUNCTION ~ AGAINST T FOR XN #& 2 


oa, * ithe i ees 
deg) | & | 120 : 189 | Al,0 360 | 
} i : 

(a) x=0 


eh ees 
| 


| 11.3333 -3.233 '-16.3%73 | -11.3333 | 8.033 
2.8000 | -2.400 | -5.6667 -2.8900 Foye) 


= 9534 -1,2000 
AR Ac) OEP Se ea 
-.C5607 | —-.7667 
5O67 ) =. 6433 
~ 54,67 - 5667 


| 
| ~0.7L67 | -0.8000 
| -.7200 | -.8)00 


-1.0535 


-.5900 - 44809 -.7209 

CF ee oe ee a Teele 1 ere See cl a ere 

«0090 ~.7200 | -.5667; -.14867 ~ 067 | --5L467 

8910 a gr a ee ee he ee ae cee et ee 

9511 -.6200 -.5000 ; ~.4500 -.3609 | -.1267 

9577 ny gy | nen eames eee ee) ee ee ee 
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TABLE XIII.- FUNCTION se AGAINST x FRA = 


G 


nye 


0-156) | 0.3090 


Ci om! Teor 
0.662 |0.785 es 


e157 -609 - 690 | 

2269 oi11 -508 ~562 -5800 
-20) 2321 1,06 153 1,700 
154 266 32 | 391 -1100 


pile 2h9 +328 
(c) tT = 180° 


0. 156) 
3099 
~5873 
«8090 
09511 

1.00 


0.156) 19.397 | 0.6999 10.92) [0.987 | 1.0090] 1.0133 
03090 | 147 31 atts +905 | “lo73 -9967 

| ~5878 | .008 .091 381 68 | -816 | .8533 
~8090 | -.020 2025 159 00 .598 6650 
.9511]-.018 | .o02 | .059 | | L015] «4733 
1.00 |-.01h | -.008 | .oh2 | «19h | .363 | «1333 


0.1564 0.9070 | 1.1320 [1.216 | 1.209 | 1.1900 
«3090 .3280 | 1.0800 11.3222] 1.350 | 1.3h00 
5878 S21501.| 63590: 112020 | 1360 1 1laaa 
8090 $1565 1<.173 | «02 | .970 | 1.1567 
9511 =~.2148 | -.2933 | -.025 | 465 | 6700 

1.00 ~.20h2 | -.32h5 |-.0€7 | .28h | «1333 
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—_— 


0. 156), 0.450 
3090 | 130 
| 5678 2050 
} »8099| .038 
1 9511! .035 
1,00 | .029 
0.1544] 0.515 
23090} .318 
5678; .167 
-8090 
9511 
1.00 


0.154 | 9.518 
03090; .307 
5878 -142 
-6090 | .110 
9511 087 
1,00 980 
0.1564! o.4o 
3090} .205 
5878 068 
28090 022 
09511 2092 
1.00 -0006 
| 0.1564 | 0.241 
23090 | -.051 
| 5878 | -.175 
26099 | -.126 
09511 | -.108 
1.00 j =.109 
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ee 


0.15 I x] 0.1564! 0.30° 0.3090! 0.5878 | 0.8090 0.9511 | 1.00 
eee | 
eee oe — 


TABLE XIV.- FUNCTION “x5 AGAINST x FR A =1 


—— 


(a) T = &° 
0,043 | 1.020 | 0.999 | 0.96; | 9.9567 
h& .970 918 910 9T7A3 
14 568 -778 011 8133 
et by «348 02 660 - 6673 
2105 » 290 kes) 2570 -5967 
ed MRE a ee: 
(b) T = 120° 
2.711 | 0.827 | 0.649 | 0.853 .| 9.6533 
1,80 G0 | .7295| .778 | ~7933 
292 466 | 2559 ~610 267 
228 2315 hGy 50 5100 
1s. | .336 | .l26 | .heo | .463 
(c) T = 180° 
0.668 | 0.770 10.81 | 0.634 | 0.840 
31:70 . 622 « {OLS - 7138 -7& 
283 e419 ~510 560 «57 
191 231° 104 ol:96! 60 
«158 02705] 350 2395 110 
0147 | .2505| .326 | .369 | -380 
(d) T = 20° 
0.733 | 0.890 | 0.937 | 0.9505] 0.9533 
«1:60 - 628 794 8509 | 467 
198 ol 15 565 600 | -6600 
095 |] .256 }] .379 | 456} 4933 
052 | «i | -27h) 364 «033 
-039 13 0235 032 | 1553 
(e), T = 500° 
0.967 | 1.1560 | 1.1033 | 1.0£33 | 1.0300 
298 | 1.1266] 1.222)! 1.1300] 1.0723 
259 516 995 | 1.03539 09533 
ely ha 205 31k ~6067| .6467 
=.240 | =.330 | =.06 6215 3323 
-.2lh -.308 -.080 «lB5 2900 
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dp 
i TABLE XV.- FUNCTION -xy— AGAINST x FOR XN #2 


1:22 


364, 


568 - 6200 
Sly -5600 


i 0.1544 /0.€80 |1.019 {1.061 {1.040 19.9985 | 0.9733 
. 03090 | .097 | .723 834, -939 |1.023 | 1.0533 
! 25878 | .035 262 «8 ~Qs2 86) 9,67 | 
8090 | .027 -110 0305 -509 -€415 | .7200 
| 


0.918 |0.9067 
8195 | .7600 
«790 - 6600 
5775 | 5667 
495 -5000 
077 L867 


0.7550 | 0.7753 
Fl - A400 
«91 5090 


~8090 | .15% 451 1,867 
9511 ley 39h 11500 
1.00 .122 2351 -3800 
0.154 {0.439 0.832 | 0.7467 
-3090 | .208 «788 «7,67 
-5878 | .077 585 1,809 
8090 } 03 452 1,067 
29511 | .033 391 -340 
1.00 029 -376 | 3100 
0.154, {0.847 {1.087 |1.202 | 1.121 |0.9143 | 0.8000 
»3090 | O46 -482 {1.000 [1.118 |1.039 ~6),00 
05878 | -.11,9 Bari 481 - 862 237 «7200 
~8990 | -.127 | -.161 162 4,98 -5585| 5467 
09511 | -.107 |-.10 2045 ~281 «412 1,267 
stele) -.100 /-.1L0 | -.008 ~166 230 ° 2333 
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Pp 
TABLE XVI.- VALUES OF Doe AGAINST x FOR 
TEREE-BLADE AND SIX-BLADE PROPELLERS 


[For three-bladce de ere T = 120° and 2l\o° ; for six- 
tlade propeller, = 6°, 120°, 180°, 240°, and 300° 


x }0.154) 0.3564 | 0.5099 [o. 5878 wom | 0.5878 | 04 8090 | |. p50 |o.senn | 3.00 
ie ha Three-blade propeller; ie 
49 | Io ) lo 9 
154, | S23 11.361 | 1.709 1.621 |1.868 |1.8746 
23090 | LE .868 11.380 11.595 11.704 |1.743h 
-5878 | .170 3 ae levy t | 1.378 1.1;333 
.8009 | .097 | .225 4,30 606 | 1.051 | 1.135 
o9511 | .067 | .156 | .325 2570 | 7925 | .8833 
eO6L 134 | 291 522 | 738 6390 
{ Hy 


(b) Three-blade propeller; \ = 1 


) 9) 9) a) 
~154; | .912 | 1.444 |1.7h9 | 1.836 


-5878 | .219 501 | 1.04% | 1.4396 -285 | 1.100 
8090 | .160 0358 -74, | 1.049 0295 | .9734 
1232] .301 » 620 -822 | ~854 -8267 
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PLADE AND SIX-BLADS PROPELLERS - Concluded 


° dP 
TABLE XVI.- VALUES OF -Xy— AGAINST x FOR THREE- 


[ For three-blace propeller, T = 120° and 20°; for six- 
blade propeller, T = 60°, 120°, 180°, 240°, and 300°] 


=o | | 


(a4) Six-blade propeller; X “5 


fe) a) 0 
0154 | 2.490 | 3.837 1.9366 
-3090 | .718 | 2.261 4.7534 
-5878 | .1856} .6999 h.19h9 
-8090 | .9978; .29L5 3.364 
9511 | .0485] .1712 2.4566 

1.00 «1418 2.109% 

(e) Six-blade propeller; A =1 

0 fo) 0 


0) 
0154; | 2.166 | 4.022 | h.655 
-3090 | .909 | 2.171 | 4.0466 
-5878 | .272 -677 | 2.38 
«68990 | .166 -387 | 1.093 
-9511 } .122 2276 -7295 
1.00 0956] .250 ~ 6645 


(f) Six-blade propeller; A = 2 


a) 0 
4.157 | 4.76 
2.€07 | 3-90 
1.070 | 2.391 

5G 11.56 

«hes f E218 

25 | 1.08) 
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Figure 3.- Function <8 against x. 
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Figure 4.=- P(x) = P(l) against x for Tt = 60°, 
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Figure 6.- P(x) = P(1) against x for Tt = 180°. 
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Figure 7.- P(x) = P(1) against x for Tt = 240°, 
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Figure 8.- P(x) = P(1) against x for t = 300°. 
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(a) Three-blade propeller; A=. 
Figure 12.- Values of ). == against x for 
three-dlade and six-blade propellers. 
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(c) Three-blade propeller; A =2, 
Figure 12.- Continued. 
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Figure 12.- Continued. 


CONFIDENTIAL 


momar sere 
solemn lea aber eae 


Fig. 12d 


ater tity 


L Ee eee [pega ee 
SESEGREESRER ER emee sm. 
JeGe sf 22 ee Sage ee eee 
BERBER EE ae eee Seise ae ee 
SGGGee See eee ase Te 


a a 
fp 1.00 


_ See oe ee 
Eye Pye eee eee te 
oy a0 089 2S5n7 Anne eer en8 
Sly rere oe el esl doe 
PEC AS | | 


NACA ACR No. L4119 CONFIDENTIAL 


ieee BO 
cay Pap ees ae ae 


» l2Ze 


ee 
Bb ee ee eit 


(e) Six-blade propeller; \=1, 


Figure 12.- Continued. 
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Six-blade propeller; A’ = 2, 
Figure 12.- Concluded. 
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